Abstract
Introduction 22
Railway lines consist of components including tracks, power supply, and signaling infrastructure, all of which 23 can suffer damage during river floods, hurricane storm surge, and tsunamis, leading to interruption of 24 transportation service (see Figure 1 for two examples for damage due to surge in the USA). The most common 25 mechanism of track damage occurs when tracks are overtopped by floodwaters, leading to scouring of the 26 ballast and/or the embankment fill upon which the rail tracks are built. Even when only a short section of 27 track is washed out, the entire railway system can experience serious delays or malfunction due to a ripple 28 effect on the dispatch of engines and cars until the damaged section is repaired. 
36
As such, railways are seen to exhibit significant vulnerability when tracks are inundated or overtopped.
37
Climate change projections show that in some locations, the frequency and intensity of river flood and storm 38 surge events will increase (IPCC 2014), further exacerbating risk to railway damage due to overtopping and 39 inundation. Predictive evaluation of railway damage due to flood is essential for concrete assessment of socio-40 economic impact of large flood events.
41
HAZUS is a software package for estimating potential losses caused by earthquakes, floods and hurricanes 42 used in the USA. Within the framework of HAZUS, a railway system consists of railway track/embankments, 43 bridges, tunnels, stations, and other facilities (FEMA 2010a, 2010b, 2010c, see Table 1 for the items accounted 44 in the flood sub-model in HAZUS). In HAZUS, damage to railway tracks due to earthquakes is evaluated 45 based on permanent ground deformation (p.7-25, FEMA 2010a), and the damage functions developed for 46 major roads are adopted for damage estimation for railway tracks/roadbeds (p.7-32, FEMA2010a). However,
47
there is no guideline to estimate damage to railway tracks due to floods or hurricanes in the HAZUS 48 framework. There have been several attempts to establish failure prediction of railway components (e.g.
49
Argyroudis and Kaynia 2014) and river embankments (e.g. Hata et al. 2015) for damage due to seismic 
55
In Japan, rapid population decline is another factor exacerbating risk to railways in many regions, as the 56 amount of money available for maintenance and upgrade of these railroads is shrinking together with the 57 amount of customers and goods they serve to transport. Therefore, in order to prevent the need for expensive 58 repairs after damage during future events, it is essential to evaluate which sections of railroads are most 59 vulnerable to washout during floods and to strengthen these sections before damage occurs. repair of the ballast layer is relatively straightforward, but in cases of embankment fill scour, repairs can be 76 costly and take a long time. Repair of damage to an embankment is less expensive than repair of damage to 77 bridges and other facilities (see Table 1 ), but ballast and embankment damage occurs much more frequently 78 than bridge damage. Furthermore, river floods or tsunamis large enough to damage bridges usually also cause 79 severe flooding which leads very long sections of embankment to wash out (e.g. Shimozono and Sato 2016).
80
Therefore, the development of fragility curves for scour of railroad ballast and embankments is crucial for 81 assessment of railroad vulnerability and resilience.
82
Fragility curves are widely used to evaluate the vulnerability of structures in terms of probability 83 (Shinozuka et al. 2000) . This approach was initially applied for seismic damage to bridges and other structures 
200
Sfx and Sfy are the friction slopes evaluated by using the Manning's roughness coefficient n as follows. 
202
SHx and SHy are the energy slope due to the bridge with piers. These terms are effective only at the cell interface 203 located in the bridge cross-section. Nat 
281
The difference between H and the elevation z of the railroad track is surcharge Δh, which is correlated with 282 the recorded state of damages categorized into "no damage", ballast scour and embankment scour 283 (Appendix), and fragility curves were developed based on this correlation. Both upstream water depth H 284 and rail track elevation z are derived from the cell-averaged quantities used in the model described in 285 section 3.3.
286
The elevation of water overtopping the tracks was taken as water surface elevation H averaged over The upper limit of the overtopping flowrate at which no-damage was observed in the assessment in 338 previous sections is depicted as a double line in Figure 9 . The damage probability is almost identical for 339 both models at this upper limit. Above this flow rate, the probability of combined ballast and 340 embankment scour increases slowly due to the assumed shape of the distribution and uncertainty at lower 
425
The fragility curve for ballast scour, the least serious type of damage investigated, did not match the criteria 426 revealed through laboratory experiments of ballast scour, and may underestimate actual damage probability. 
